Introduction {#s1}
============

Type 2 diabetes mellitus causes excessive morbidity and premature cardiovascular (CV) mortality. Although studies have documented the benefits of optimal glycemic control on microvascular complications, the effect of tight glycemic control on macrovascular complications is unclear \[[@R01]\]. In the Action to Control Cardiovascular Risk in Diabetes study, tight glycemic control increased CV and all-cause mortality \[[@R02]\]. Glitazones and saxagliptin (a dipeptidyl peptidase 4 inhibitor) increase the risk of hospitalization for heart failure \[[@R03], [@R04]\]. In the Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes study \[[@R05]\], empagliflozin, an inhibitor of sodium-glucose co-transporters 2 (SGLT-2), was associated with remarkable reduction of CV morbidity and mortality and all-cause death. In contrast, stroke incidence was slightly increased, although the result did not reach statistical significance \[[@R05]\]. A large meta-analysis of SGLT-2 inhibitors effect on CV risk resulted in a significant increase of stroke risk with their use \[[@R06]\]. Possible explanations are an increase in hematocrit and therefore blood viscosity as secondary effects of this class of drugs \[[@R07]\].

Whole blood viscosity (WBV) is inversely related to flow of insulin and glucose to insulin-sensitive tissues \[[@R08]\] and might therefore lead to insulin resistance, metabolic syndrome (MS) or type 2 diabetes. WBV has been shown to be a risk factor for type 2 diabetes \[[@R09]\] and coronary heart disease \[[@R10]\]. The relationship between WBV and MS has been investigated in non-diabetic population \[[@R11]\]; however, there was, as far as we know, no report on this issue in diabetic patients despite increased WBV in this population \[[@R12]\]. We, therefore, have evaluated the relationship between estimated WBV and MS in patients with type 2 diabetes. Among MS components, fasting hypertriglyceridemia has been reported to have stronger effect on hemorheological alterations \[[@R11]\]. As postprandial hypertriglyceridemia is common in type 2 diabetes patients and it is a component of MS \[[@R14], [@R15]\], we evaluated association between WBV and post-breakfast triglyceridemia as well.

Patients and Methods {#s2}
====================

We studied 168 patients with type 2 diabetes, whose details have been reported elsewhere \[[@R16], [@R17]\]. They had been regularly attending the clinic for more than 6 months prior to enrollment and had eight or more monthly visits with anthropometric and blood pressure (BP) measurements and blood samplings during the following 12 months after enrollment. We excluded patients with hepatitis B surface antigen or antibodies against hepatitis C virus. Patients who had aspartate aminotransferase (AST) and alanine aminotransferase (ALT) of 100 U/L or greater, serum creatinine ≥ 2.0 mg/dL and proteinuria in nephrotic range were also excluded. Study protocol was consistent with the Japanese Government's Ethical Guidelines Regarding Epidemiological Studies in accordance with the Declaration of Helsinki.

For each subject on each monthly visit, waist circumference, weight and BP were measured. BP was measured by nurses using a sphygmomanometer after patients sat and rested for at least 5 min. Blood was withdrawn at 2 h after breakfast taken at home and after an overnight fasting every other month as previously reported in details \[[@R16], [@R17]\]. Plasma glucose, serum creatinine, hepatic enzymes, uric acid and other blood tests were measured by standard methods using an autoanalyzer. HbA1C values were determined by high performance liquid chromatography. Low-density lipoprotein (LDL) cholesterol was calculated using Friedewald's formula in blood samples taken after an overnight fasting. Complete blood cell count was analyzed using an automated blood cell counter.

Of 168 patients with type 2 diabetes, 153 patients (91%) had 12 visits with blood samplings described above. In the remaining 15 patients, blood was obtained after an overnight fasting. In each patient, we calculated a mean of 12 measurements of body mass index (BMI), waist circumference, WBV estimated as described below, total and high-density lipoprotein (HDL) cholesterol, HbA1c, uric acid, BP, serum protein, hepatic enzymes and hematocrit. Six measurements of fasting and post-breakfast glucose, LDL cholesterol, fasting and post-breakfast TG averaged in each patient as well. Those means are shown in [Table 1](#T1){ref-type="table"} and were used for the diagnosis of MS.

###### Anthropometric, Clinical and Biochemical Characteristics of 168 Patients With Type 2 Diabetes and Correlation Coefficients of Whole Blood Viscosity Before (Simple) and After (Partial) Adjustment for Sex

  Variables                        Mean ± SE or n, %   WBV          
  -------------------------------- ------------------- ------------ -----------
  Male (n, %)                      90 (53.6)           -0.447\*\*   Adjusted
  Age (years)                      62.3 ± 0.8          -0.101       -0.002
  BMI (kg/m^2^)                    24.2 ± 0.3          0.106        0.238\*\*
  Waist circumference (cm)         86.9 ± 0.8          0.078        0.184\*\*
  Duration of diabetes (years)     9.9 ± 0.6           0.018        0.031
  Smokers (n, %)                   58 (34.3)           0.225\*\*    -0.017
  Whole blood viscosity (cP)       5.95 ± 0.04         1.000        1.000
  Fasting PG (mg/dL)               125 ± 2             0.011        -0.001
  Post-breakfast PG (mg/dL)        154 ± 4             0.025        -0.077
  HbA1c (%)                        7.0 ± 0.5           0.046        0.055
  Total cholesterol (mg/dL)        188 ± 2             -0.011       0.147
  HDL cholesterol (mg/dL)          56 ± 1              -0.189\*     -0.123
  LDL cholesterol (mg/dL)          111 ± 2             -0.007       0.080
  Fasting TG (mg/dL)               115 ± 4             0.199\*      0.225\*\*
  Post-breakfast TG (mg/dL)        145 ± 5             0.230\*\*    0.222\*\*
  ACR (mg/g)                       84 ± 25             -0.031       0.018
  Log ACR                          1.30 ± 0.05         0.021        0.085
  eGFR (mL/min/1.73 m^2^)          75.8 ± 1.3          0.064        -0.019
  Uric acid (mg/dL)                5.2 ± 0.1           0.21\*\*     0.084
  Systolic BP (mm Hg)              128 ± 1             -0.004       0.051
  Diastolic BP (mm Hg)             72 ± 1              0.32\*\*     0.249\*\*
  Serum protein (g/dL)             7.2 ± 0.03          0.213\*\*    0.221\*\*
  AST (U/L)                        24.4 ± 1            0.188\*      0.067
  ALT (U/L)                        24 ± 1              0.256\*\*    0.129
  GGT (U/L)                        46 ± 4              0.167\*      0.051
  White blood cells (× 10^3^/µL)   5.8 ± 0.1           0.169\*      0.145
  Red blood cell (× 10^6^/µL)      451 ± 4             0.775\*\*    0.691\*\*
  Hemoglobin (g/dL)                14.0 ± 0.1          0.764\*\*    0.864\*\*
  Hematocrit (%)                   42.3 ± 0.3          0.994\*\*    0.993\*\*

WBV: whole blood viscosity; PG: plasma glucose; TG: triglycerides; ACR: albumin/creatinine ratio; eGFR: estimated glomerular filtration rate; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-glutamyl transferase; BP: blood pressure. \*P \< 0.05, \*\*P \< 0.01.

MS was defined according to the modified criteria of the National Cholesterol Education Program Adult Treatment Panel III guidelines \[[@R18]\]. Abdominal obesity was defined as a waist circumference greater than 85 cm in men and greater than 90 cm in women, according to the Japan Society for the Study of Obesity criteria \[[@R19]\]. Elevated BP was defined as systolic/diastolic BPs of 130/85 mm Hg or greater and/or current use of antihypertensive medicine. Hypertriglyceridemia was defined as a serum fasting TG level of 150 mg/dL or greater and/or current use of fibrates. Low HDL cholesterol level was defined as less than 50 mg/dL in women and as less than 40 mg/dL in men. MS was defined as the presence of three or more components \[[@R18]\]. Patients in the present study had at least one component as all patients had diabetes.

WBV at 208/s of shear stress was calculated by a previously validated formula \[[@R20]\] that takes into account hematocrit and serum proteins: WBV (208/s) = (0.12 × h) + 0.17 × (p - 2.07), where h is hematocrit (%) and p is serum protein concentration (g/dL). Hematocrit and serum protein concentrations used were respective averages of 12 measurements over 12 months in each patient. The unit for viscosity is the centipoise (cP) corresponding to the ratio of the shear rate of blood to the shear rate of water.

Urinary albumin was measured once during the first 3 - 4 months after enrollment in random urine samples using a turbidimetric immunoassay and expressed as albumin/creatinine ratio (ACR). Serum and urinary creatinine were measured enzymatically and estimated glomerular filtration rate (eGFR) was determined using the equation recommended by the Japanese Society for Nephrology \[[@R21]\].

Statistical analysis {#s2a}
--------------------

Data were presented as mean ± SE. Differences between two groups were analyzed by *t*-test and frequencies of conditions by Chi-square tests. Associations of the number of MS components with WBV and hematocrit and P values for trend were derived using Jonckheeree-Terpstra test. Correlations of WBV and hematocrit were evaluated by Pearson correlation analysis. Stepwise multiple regression analyses were performed to further identify the most significant variables contributing to the variation of WBV. Potential confounders were forced into the model and standardized β coefficients were calculated. The explanatory power of the model was expressed as adjusted R^2^ values. A two-tailed P \< 0.05 was considered statistically significant. All calculations were performed with SPSS system 15.0 (SPSS Inc., Chicago, IL).

Results {#s3}
=======

Of 168 patients, 77 patients (45.8%) had MS and WBV averaged 5.95 ± 0.04 cP. As previously reported \[[@R16], [@R17]\], patients had relatively good glycemic, BP and lipid control ([Table 1](#T1){ref-type="table"}); 53 (31.5%) were treated with diet alone, 85 (50.6%) on oral anti-hyperglycemic drugs and 30 (17.9%) on insulin with or without oral drugs. Anti-hypertensive drugs were given in 87 patients (51.8%). Of 75 patients (44.6%) on lipid-lowering drugs, 63 and 12 patients were on statins and fibrates, respectively. As patients with anemia (hemoglobin \< 13 g/dL in men and \< 12 g/dL in women) and renal failure (eGFR \< 45 mL/min/1.73 m^2^) were small in number (n = 15, 8.9% and n = 6, 3.6%, respectively), they were not excluded.

Among MS components other than hyperglycemia (all participants had diabetes), elevated BP was the most prevalent (111 patients; 66.1%; hypertension in 91 patients), followed by abdominal obesity in 63 patients (37.5%) and then fasting hypertriglyceridemia (38 patients, 22.6%) and low HDL cholesterol (43 patients, 25.6%).

Diabetes patients with MS had higher WBV and hematocrit as compared to those without MS ([Fig. 1](#F1){ref-type="fig"}). As the number of MS components increased, WBV and hematocrit increased ([Fig. 2](#F2){ref-type="fig"}). The number of patients with component number from 1 to 5 was 33 (19.6%), 58 (34.5%), 42 (25.0%), 27 (16.1%) and 8 (4.8%), respectively. There was no difference in age, sex, duration of diabetes and therapy for diabetes between patients with and without MS as well as among five component number groups (data not shown). Although the proportion of patients on antihypertensive medications was higher in patients with MS as compared to those without (68.8% vs. 37.4%, P \< 0.001), there was no difference in the proportion of patients on diuretics between the two groups (7.8% vs. 2.2%, P = 0.09).

![Whole blood viscosity and hematocrit in patients with type 2 diabetes as a function of the number of components of metabolic syndrome (mean ± SE). The number of patients with component number from 1 to 5 is 33 (19.6%), 58 (34.5%), 42 (25.0%), 27 (16.1%) and 8 (4.8%), respectively. Associations of the number of MS components with WBV and hematocrit and P values for trend were derived using Jonckheere-Terpstra test.](jocmr-09-332-g001){#F1}

![Whole blood viscosity and hematocrit in type 2 diabetes patients in the absence (white columns, n = 91) and presence (black columns, n = 77) of metabolic syndrome (mean ± SE).](jocmr-09-332-g002){#F2}

By univariate analysis ([Table 1](#T1){ref-type="table"}, simple), WBV was positively associated with male gender and smoking. It was also positively associated with fasting and post-breakfast TG and inversely with HDL cholesterol. In addition, WBV was associated with diastolic BP, uric acid and leukocyte count. Further, serum hepatic enzymes were positively associated with WBV. After controlling for sex ([Table 1](#T1){ref-type="table"}), associations with diastolic BP, fasting and post-breakfast TG remained significant whereas smoking, liver enzymes, uric acid and leukocyte count were no longer associated with WBV. Those with BMI and waist circumference turned out to be significant after adjusting for sex. There was no association of WBV with glycemia and systolic BP.

We have done multiple regression analysis, which included variables that showed significant associations with WBV in partial correlation analysis as independent variables ([Table 2](#T2){ref-type="table"}). Male gender, diastolic BP and post-breakfast TG emerged as independent determinants of WBV in type 2 diabetes (R^2^ = 0.258).

###### Multiple Regression Analysis for Whole Blood Viscosity in Patients With Type 2 Diabetes

                                Standardized β   P values   Cumulative R^2^
  ----------------------------- ---------------- ---------- -----------------
  Male sex                      0.406            0.000      0.183
  Diastolic blood pressure      0.234            0.001      0.240
  Post-breakfast triglyceride   0.148            0.036      0.258

Other independent variables included in the model were BMI, waist circumference and fasting triglycerides, all of which showed significant associations with whole blood viscosity after controlling for sex shown in [Table 1](#T1){ref-type="table"}.

After controlling for age, sex and smoking, hematocrit correlated positively to BMI (r = 0.221), waist circumference (r = 0.161), fasting and post-breakfast TG (r = 0.210 and 0.200, respectively) and diastolic BP (r = 0.256, all P \< 0.05 or less) whereas no association was found with glycemia, HDL cholesterol and systolic BP (data not shown).

Discussion {#s4}
==========

The present study has demonstrated that both the presence of MS and the number of MS components were associated with higher WBV and hematocrit in patients with type 2 diabetes. The current study also has demonstrated in type 2 diabetic patients that blood viscosity is associated with post-breakfast TG independent of fasting TG. We confirmed the previous findings in non-diabetic subjects that high WBV was associated with all diagnostic criteria for MS except for glycemia \[[@R11]\]. It is noted that in the present study MS was diagnosed using intrapersonal means of 12 measurements of waist circumference, BP and HDL cholesterol and those of six measurements of fasting TG during 12 months.

The relationship between WBV and MS has been investigated in non-diabetic population \[[@R11]\]; however, there was, as far as we know, no report on this issue in type 2 diabetic patients despite increased WBV in this population \[[@R12]\]. One of the reasons may be that most patients with type 2 diabetes mellitus will have MS \[[@R18]\], specifically in Western countries. For example, MS was found in more than 90% of type 2 diabetes patients in a UK hospital whose BMI averaged 33 kg/m^2^ \[[@R22]\]. Therefore, we evaluated association between the two conditions in Japanese patients with type 2 diabetes, whose BMI averaged 24.2 kg/m^2^. To the best of our knowledge, this is the first report on the relationship between WBV and MS in type 2 diabetes although WBV was calculated, not measured. Associations between the number of MS components and measured hemorheological variables including WBV had been reported in some \[[@R11], [@R13], [@R23]\] but not in another study \[[@R24]\].

Among MS components, fasting hypertriglyceridemia has been reported to independently predict hemorheological alterations \[[@R11]\]. In the present study, post-breakfast TG was associated with WBV independently of fasting TG in type 2 diabetes patients. It has been reported that insulin resistance directly measured using the hyperinsulinemic glycemic clamp technique, a gold standard for assessing insulin sensitivity, is associated not only with an increase in the large very-low-density lipoprotein/chylomicron remnant particles during the postprandial period in type 2 diabetes mellitus \[[@R25]\] but also with an increase in directly measured WBV \[[@R26]\]. Taking these observations into consideration, it may be reasonable to assume that WBV may be associated with insulin resistance even in type 2 diabetes.

Blood viscosity and hematocrit were higher in type 2 diabetes patients with MS as compared to those without in the present study. The Edinburgh Artery Study noted a significant association between blood viscosity or hematocrit and risk for stroke, independently of other risk factors \[[@R27]\]. A cross-sectional study reported that high WBV is present not only in subjects with acute brain infarction, but also in those with risk factors for stroke \[[@R28]\]. Several studies with empagliflozin have shown an increase in hematocrit and therefore blood viscosity as secondary effects of this drug \[[@R07]\]. Therefore, physicians need to follow type 2 diabetes patients with MS on SGLT-2 inhibitors closely.

It has been clearly demonstrated that the prevalence of MS is higher in winter than in summer in Japanese male workers in general, in subjects aged greater than or equal to 40 years in particular \[[@R29]\]. This is due to higher serum levels of HDL cholesterol, fasting glucose and systolic and diastolic BP in winter than in summer. In the present study, all variables including HDL cholesterol, and systolic and diastolic BP were repeatedly measured throughout 12 months and hence, seasonal variations in the diagnosis of MS had been avoided. Postprandial TG concentrations were measured after breakfast taken at home in their day-to-day life.

Several limitations deserve mention. We had no direct measurement of blood viscosity and data on other blood components of blood viscosity, such as erythrocyte rigidity and aggregability. Our estimates, however, were based on a prediction equation that has been validated in three prior studies \[[@R20], [@R25], [@R30]\] and WBV is largely determined by hematocrit and plasma protein levels \[[@R31]\]. Antihypertensive treatment has been shown to decrease both WBV and BP, independently of the class of drug \[[@R32]\]. In contrast, diuretic therapy tends to increase WBV, at least in the early phase of treatment \[[@R36]\]. Therefore, possible contribution of antihypertensive drug treatment on WBV and other variables cannot be excluded in the present study. Finally, the sample size is small.

Conclusions {#s4a}
-----------

Both the presence of MS and the number of MS components were associated with higher WBV and hematocrit in patients with type 2 diabetes. Physicians need to follow type 2 diabetes patients with MS on SGLT-2 inhibitors closely. Post-breakfast TG is independently predictive of WBV. Postprandial hyperlipidemia may contribute to elevated WBV in type 2 diabetes, and may represent important confounders of the relationship between postprandial hyperlipidemia and atherogenesis in this population.

The authors are indebted to all the participants for their dedicated and conscientious collaboration. We also thank Dr. Takeo Sadamitsu, MS. Ayako Kameyama and Ms. Atsuko Muranaka, Sadamitsu Hospital, for their help.

Conflicts of Interest {#s5}
=====================

We declare that we have no conflicts of interest.

Author Contributions {#s6}
====================

SM, AKT, JU, AYT and MK have made substantial contributions to acquisition, analysis and interpretation of data. KF has been involved in drafting the manuscript. TK has been involved in revising it critically for important intellectual content, have given final approval of the version to be published, and agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.

Abbreviations {#s7}
=============

ACR

:   albumin/creatinine ratio

AST

:   aspartate aminotransferase

ALT

:   alanine aminotransferase

BP

:   blood pressure

eGFR

:   estimated glomerular filtration rate

GGT

:   gamma-glutamyltransferase

TG

:   triglycerides

MS

:   metabolic syndrome

WBV

:   whole blood viscosity
